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Abstract

Background Resistance training adaptively increases muscle strength and mass, contributing to athletic perfor-
mance and health promotion. Dietary intervention with natural foods provides nutrients that help accelerate muscle
adaptation to training. Matcha green tea contains several bioactive factors such as antioxidants, amino acids, and
dietary fibers; however, its effect on muscle adaptation is unclear. In this study, we aimed to investigate the effects of
matcha beverage intake on muscle adaptation to resistance training.

Methods Healthy, untrained men were randomized into placebo and matcha groups. Participants consumed either
a matcha beverage containing 1.5 g of matcha green tea powder or a placebo beverage twice a day and engaged in
resistance training programs for 8 (trial 1) or 12 weeks (trial 2).

Results In trial 1, maximum leg strength after training tended to increase more in the matcha group than that in the
placebo group. In the matcha group, subjective fatigue after exercise at 1 week of training was lower than that in the
placebo group. Gut microbe analysis showed that the abundance of five genera changed after matcha intake. The
change in Ruminococcus, Butyricimonas, and Oscillospira compositions positively correlated with the change in maxi-
mum strength. In trial 2, the change in skeletal muscle mass in response to training was larger in the matcha group. In
addition, the salivary cortisol level was lower in the matcha group than that in the placebo group.

Conclusion Daily intake of matcha green tea beverages may help in muscle adaptation to training, with modulations
in stress and fatigue responses and microbiota composition.
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Background
Skeletal muscles support physical activity and act as a
major metabolic organ. In athletics, increased muscle
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muscles and causes hypertrophy as typical adaptation
effects. In the early stage of training, the participation of
muscle fiber in muscle contraction is increased to sup-
port lifting weights. Subsequently, continuous resistance
training causes muscle fiber hypertrophy with elevated
protein anabolism, resulting in further improved mus-
cle strength [2]. Muscle mass also contributes to whole-
body energy expenditure and substrate utilization, which
is associated with the development of obesity and meta-
bolic diseases.

Adequate dietary nutrition is necessary for mus-
cle adaptation to training. Sufficient protein intake is
required to supply amino acids as substrates for protein
synthesis. The timing of protein intake and complemen-
tary consumption of carbohydrates effectively activate
protein anabolism [3]. Moreover, adequate nutrition
management prevents fatigue and promotes supercom-
pensation, which can have beneficial effects on adapta-
tion. In addition, some micro-compounds contained
in natural foods have been shown to regulate protein
metabolism and suppress physical fatigue under in vivo
and in vitro experimental conditions. Amino acids act as
substrates of constitutive proteins and signaling factors of
accelerated protein synthesis [4]. Some factors with anti-
oxidative potential modulate oxidative stress, which can
inhibit muscle contraction and cause mitochondrial dys-
function [5, 6]. However, intervention studies on the role
of dietary foods in muscle adaptation to resistance train-
ing in humans have been limited.

Tea beverages, which are consumed daily, are sources
of bioactive micro-compounds. Green tea contains high
concentrations of catechins and reportedly has vari-
ous health benefits. Daily intake of green tea is benefi-
cial for neural, cardiovascular, and metabolic functions
in humans [7-9]. The combination of green tea intake
and exercise training accelerates aerobic metabolism
and lipid utilization in skeletal muscle [10]. Matcha—a
powdered green tea—contains specific functional com-
pounds. It is prepared from tea leaves harvested after
growing plants under shaded conditions for several
weeks. After processing, the final product is consumed as
a thick suspension; its catechin content per cup is twice
that of normal (sencha) green tea infusions [11]. Matcha
green tea powder contains carotenoids, including lutein,
theanine, vitamin K, and dietary fibers, which are found
in relatively low levels in sencha green tea [12]. Catechins
and carotenoids have antioxidant and reactive oxygen
species (ROS)-scavenging effects. During exercise, the
antioxidant activity can suppress excess oxidative stress
in muscle cells, endothelial cells, and neutrophils. Dietary
fibers improve the intestinal environment by modulating
the microbiota profile and epithelial barrier function and
regulate nutrient absorption [13, 14]. Catechins may also
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efficiently modulate the intestinal environment through
antibiotic and antioxidant effects [15]. A favorable intes-
tinal environment can improve metabolic function and
ameliorate fatigue and psychological stress [16, 17]. The
amino acid theanine reduces stress and elevates nutrient
metabolism by affecting the central and peripheral nerv-
ous systems [18, 19]. Therefore, the micro-compounds
contained in matcha may promote recovery and protein
synthesis, resulting in muscle adaptation. In this study,
we aimed to investigate the effect of the daily consump-
tion of matcha on resistance training-induced adaptation
in humans.

Methods

Participants

Thirty-six young and healthy men participated in this
study, which was approved by the ethics committee of
Kyoto Prefectural University (No. 2017-146). All par-
ticipants provided written informed consent. None of
the participants suffered from current (at the time of the
study) or prior chronic diseases or had a history of smok-
ing. Furthermore, none of the participants were using
any medication or supplements at the time of the study
or habituated to regular exercise. The participants were
randomly divided into placebo and matcha groups, and
body composition parameters—body weight, body fat,
muscle mass, and body mass index (BMI)—were meas-
ured using bioelectrical impedance analysis (InBody430;
InBody Co., Ltd., Seoul, Korea).

Experimental design
This study involved two randomized placebo-con-
trolled trials (Fig. 1). In trial 1, 17 participants (age:
22.3+0.3 years) were randomly divided into placebo
(n=8) and matcha (n=9) groups and instructed to follow
a resistance training program twice a week for 8 weeks.
Body composition, maximum muscle strength, whole-
body energy expenditure, and blood parameters were
measured during the week before commencing the train-
ing period and the final week of training (Figure S1). The
level of subjective fatigue was measured on the first exer-
cise day and on an exercise day during the final week of
training. Fecal samples were collected before and after
4 and 8 weeks of intervention. In trial 2, 19 participants
(age: 20.9+1.3 years) were randomly assigned to pla-
cebo (n=10) and matcha (n=9) groups and instructed to
engage in a resistance training program twice a week for
12 weeks. Body composition, saliva parameters, and vis-
ual function were measured during the week before and
after the intervention period.

During the trial period, the participants of both
groups consumed beverages twice a day. The matcha
group consumed a beverage containing 1.5 g matcha
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green tea powder [contents/cup; 0.06 g water, 0.4 g
protein, 0.2 g fat, 4.4 g carbohydrate, 166.5 mg total
polyphenols, 94.5 mg epigallocatechin gallate (EGCQG),
1.1 mg lutein, 46.4 mg vitamin K, 27 mg theanine,
488 mg dietary fiber, and 45 mg caffeine] (Nestlé Japan
Ltd., Kobe, Japan). The placebo group consumed a pla-
cebo tea-flavored beverage (contents/cup; 0.06 g water,
0 g protein, 0.1 g fat, 4.4 g carbohydrate, and 45 mg caf-
feine) daily throughout the trial period.

Resistance exercise training

The training program consisted of eight resistance
exercises: chest press, fly, back extension, seated row-
ing, leg press, leg extension, leg curl, and sit-up, per-
formed using a combined exercise machine (Senoh Co.,
Ltd., Chiba, Japan). The participants performed 3 sets
of 10 repetitions at a 10-repetition maximum (RM).
Training frequency was twice a week at 2—3-day inter-
vals, and weight load was gradually increased according
to the 10 RM of individuals. Maximum leg extension
strength was measured in both legs using a knee-exten-
sion strength meter (ST 200R; Meiko Co., Ltd., Osaka,
Japan). The grip strength of both hands was assessed
using GRIP D (T.K.K. 5401; Takei Scientific Instru-
ments Co., Ltd., Osaka, Japan).

Indirect metabolic performance

The participants were instructed to refrain from intense
physical activities, eating, and drinking, except for water,
from 22:00 until breakfast in the morning. In addition,
they were requested to eat 200 g of steamed rice (energy,
312 kcal; protein, 5.0 g; fat, 0.6 g; and carbohydrate,
74.2 g) without caffeine and alcohol 1 h before visiting
the laboratory. After sitting for 30 min, the oxygen con-
sumption and carbon dioxide production levels of the
participants were measured in the supine position using
a breath-by-breath respiromonitor system (AE-310 s;
Minato Medical Sciences Co., Ltd., Osaka, Japan) for
15 min. Respiratory quotient and substrate use (carbohy-
drate and fat oxidation) were calculated from the levels of
oxygen consumption and carbon dioxide production, as
described previously [20].

Blood parameters

The participants were instructed to refrain from intense
physical activity and fast from 22:00 h on the day before
blood sample collection. On the day of blood sampling,
each participant ate 200 g of steamed rice and rested for
1 h. Blood samples were collected before and after resist-
ance exercise (8 exercises, 3 sets of 10 repetitions at 10
RM, as mentioned above) during the pre- and post-inter-
vention periods. The collected blood was injected into a
vacuum blood collection tube and centrifuged at 1,800 X g
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at 4 °C for 15 min. The obtained serum samples were
used to measure carbonylated protein concentration and
creatine kinase activity using enzyme-linked immuno-
sorbent assay (ELISA) kits (BioCell Co., Ltd., Auckland,
New Zealand; BioAssay Systems, Hayward, CA, USA) in
accordance with the manufacturer’s instructions.

Subjective fatigue

The degree of subjective fatigue before exercise (at rest)
was measured using a visual analog scale. The par-
ticipants were asked to indicate their degree of subjec-
tive fatigue on a 100-mm horizontal line, with the left
end (0 mm) indicating “no fatigue” and the right end
(100 mm) indicating “maximum fatigue”

Analysis of fecal microbiota

Brushes and sheets for stool collection were distributed
to the participants, and stool samples were collected
before, at week 4, and at week 8 of the intervention.
Stool samples were refrigerated, and bacterial DNA was
extracted within 3 weeks after collection. Metagenomic
analyses of 16S rRNA of the extracted DNA samples were
performed using a next-generation sequencer (MiSegq;
Mlumina K.K., Tokyo, Japan). Bacterial DNA extraction
from feces, library preparation, and deep sequencing
were performed as previously described [21]. Sequence
data were analyzed as previously described [22] using
QIIME?2 version 2018.8.

Saliva parameters

To avoid the effect of the circadian rhythm, saliva was col-
lected at the same time of day before and after the inter-
vention, using a saliva collection kit (Salivette, Sarstedt,
Germany) consisting of a centrifuge tube and sterile cot-
ton. After rinsing the mouth with distilled water for 30 s,
each participant, wearing rubber gloves, placed a ster-
ile cotton swab in their mouth and chewed for 1 min at
a mastication rate of 1 chew/s. The cotton swab, which
absorbed saliva secreted in response to the chewing stim-
ulus, was centrifuged (4 °C, 1,800 g, 15 min) to collect
the saliva, which was stored at —80 °C until use. Salivary
cortisol and secretory IgA (sIgA) concentrations were
measured using ELISA kits (Salimetrics, Trier, Germany),
and their amounts were calculated from saliva concentra-
tion and volume.

Visual function

Two methods were used to evaluate the participants’
ability to visually discern a moving object. Forward and
backward kinetic visual acuity (KVA) was measured
using a dynamic vision meter (AS-4; Kowa Co., Ltd.,
Tokyo, Japan). Lateral dynamic visual acuity (DVA) and
ocular motor skills (OMS) were evaluated on a computer
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monitor using sports vision software (ArrowZeye; Dia-
mond Eye Co., Ltd., Tokyo, Japan) [23]. The participants
were subjected to DVA and OMS tests at a distance of
60 cm from a 34-cm monitor, and the percentage of cor-
rect answers was evaluated. In the DVA test, the partici-
pants identified numbers moving from left to right across
the screen. In the OMS test, nine locations on the screen
randomly flashed three circles and six squares. The par-
ticipants were required to recognize the three circles and
indicate their locations.

Dietary assessment

A dietary assessment was conducted to calculate nutri-
ent intake before trial commencement. All participants
were permitted to eat freely, and their food intake was
recorded for 3 days using a food diary and camera. There-
after, a dietitian reviewed the recorded data to follow up
and estimate participants’ nutrient intake using Excel
add-in software (Excel Eiyou-kun Ver. 6.0; Kenpakusha
Co., Ltd., Tokyo, Japan).

Statistical analyses

All data are reported as mean=+standard deviation. A
two-way analysis of variance (ANOVA) was conducted
to assess the significance of the interaction between
drink intervention (group) and time. Post hoc analyses
were conducted using Bonferroni’s test to compare sig-
nificant interactions following ANOVA. An intra-group
comparison was conducted if the main effect of time
without interaction was observed. Differences in changes
between the placebo and matcha groups were evaluated
using the Mann—Whitney U test or an independent sam-
ples t-test, depending on whether they were normally
distributed. Spearman’s rank-order correlation coefficient
was used to estimate bivariate correlations. Statistical
analysis was performed using SPSS Statistics for Win-
dows, Version 25.0 (SPSS Inc., Chicago, IL, USA). Statis-
tical significance was set with two-sided P-values<0.05
and a trend at<0.1.

Results

Body composition and muscle strength during the 8-week
intervention

In trial 1, no significant interactions and changes in
response to training in body weight, BMI, skeletal
muscle mass, or body fat percentage were observed
(Table 1). In the placebo and matcha groups, train-
ing significantly increased the maximum strength for
leg and chest presses (P<0.01); however, no signifi-
cant interactions were observed for both chest and leg
presses (P<0.1) (Table 2). The change in strength for
leg presses tended to be higher in the matcha group
than that in the placebo group (P<0.1). Knee-extension
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Table 1 Physical characteristics of the participants in trial 1
Placebo Matcha Change
Interaction (P)
Pre Post Pre Post Placebo  Matcha
Height (cm) 175+ 4 171%5
Body weight (kg) 60.9+9.7 61.2+94 594%61 59.7*58 0.945 03%12 03=0.8
Body massindex (kg/m?) 19.8+2.6 20.0%2.5 20420 205=1.9 0.904 0.1£0.4 0.1£0.3
Body fat (%) 12.1£5.2 12.1%*49 12556 129%5.2 0.711 0.0£*18 0314
Muscle weight (kg) 209+41 300%42 292%26 293*24 0.677 0.2%+0.9 0.0+0.5
Values are expressed as mean =+ standard deviation. Pre: pre-training, Post: post-training
Table 2 Muscle strength in trial 1
Placebo Matcha Change
Interaction (P)
Pre Post Pre Post Placebo  Matcha
Knee extension
Dominant (kg) 51.8=14.4 63.3=6.4* 540=9.6 64.0=10.7 * 0.783 11.5=10.5 10.0=111
Non-dominant (kg) 51.1=8.2 61.5%*9.0% 52.0=6.5 63.1=10.6* 0.898 10.4=12.7 11.1=10.8
Grip strength
Dominant (kg) 39.6=5.4 39.5=6.6 36.5=4.4 37.8=3.2 0.323 02+28 1.27=3.0
Non-dominant (kg)  36.3=5.6 357=7.6 34963 364%54 0.207 -0.6%29 149=35
Leg press, 10RM (kg) 148%21  196=37**  159=25  230%48 ** 0.098 4828  71=27%
Chest press, 10RM (kg) 16.4=3.5 20.1f46** 17.2£28 20.9=22** 0.942 3.7=16 37=21

Values are expressed as mean + standard deviation

#P<0.1,*P<0.05,** P<0.01 vs. Pre. t P<0.1 vs. Placebo. Pre: pre-training, Post: post-training

strength showed a significant increase due to train-
ing in the dominant leg (?<0.05) but not in the non-
dominant leg in the placebo group (P<0.1) and in both
dominant (P<0.05) and non-dominant (P<0.05) legs in
the matcha group, but not significant interaction. No
between-group differences concerning habitual intake
of total energy, protein, fat, and carbohydrate were
observed (Table S1).

Blood and fatigue parameters during the 8-week
intervention
The concentration of serum carbonylated proteins and
creatine kinase activity neither showed significant inter-
actions nor training-induced changes (Fig. 2a, b). Car-
bonylated proteins tended to be decreased by training in
the matcha group (P<0.1). Subjective fatigue levels sig-
nificantly differed between the groups, being lower in the
matcha group than those in the placebo group at week 1
(P<0.05) (Fig. 2¢).

No differences in resting oxygen consumption, respira-
tory quotient, carbohydrate oxidation, and fat oxidation

were observed between the groups before and after the
intervention (Table S2).

Gut microbiota during the 8-week intervention

The Chaol and Shannon indices, which indicate the
alpha diversity of gut bacteria, were not altered by the
intervention within or between groups. However, the
abundance of five genera changed significantly after the
intervention. The abundance of Oscillospira and Rumi-
nococcus in the matcha group at week 4 was significantly
higher than that before the intervention or at week 8
(P<0.05) (Fig. 3, Table S3). The abundance of Rumino-
coccus, an unclassified genus belonging to the family
Ruminococcaceae, and Butyricimonas was significantly
higher, and that of Dorea was significantly lower at
week 4 in the matcha group than in the placebo group
(P<0.05). The change in maximum strength for the leg
press showed a significant positive correlation with the
change in abundance of the genera Ruminococcus at
week 4 compared with that before intervention (P < 0.05)
and tended to be positively correlated with Butyrici-
monas and Oscillospira abundance (P<0.1) (Fig. 3).
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Body composition, stress-related parameters, and visual
function during the 12-week intervention

Generally, the adaptation of skeletal muscles to
resistance training results in an initial increase in

muscle strength, followed by muscle hypertrophy with
an extended training period. Therefore, we conducted
trial 2 with an intervention period of 12 weeks. Stress-
related parameters in saliva and visual ability were also
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Fig. 4 Muscular, stress, and visual parameters in trial 2. Muscle weight (a), salivary cortisol (b), salivary sIgA (c), and visual function (d) before and
after the intervention. *P < 0.05. Values are expressed as mean =+ standard deviation. Pre: pre-training, Post: post-training, KVA: kinetic visual acuity,

DVA: dynamic visual acuity, OMS: ocular motor skills

examined because the outcomes of trial 1 and previous
studies suggested that matcha may suppress the stress
response [24, 25]. Skeletal muscle mass showed a sig-
nificant increase in response to training for 12 weeks
in the matcha group (P<0.05) with a trend indicating
interaction (P<0.1), with the change being larger in the
matcha group than that in the placebo group (P<0.1)
(Fig. 4a). Body weight, BMI, and fat percentage did not
show any significant interactions; the change in fat per-
centage was significantly lower in the matcha group
(P<0.05) (Table S4). No significant differences in habit-
ual dietary energy, protein, fat, and carbohydrate intake
were observed between the groups (Table S5).

Among stress-related parameters, the salivary cor-
tisol secretion rate showed a trend indicating interac-
tion (P<0.1) (Fig. 4b). The change in secretion rate was
significantly lower in the matcha group than that in
the placebo group (P<0.05). No significant interaction
and changes between groups were observed in the rate
of salivary sIgA secretion (Fig. 4c). Regarding visual

function, there were no significant interactions in KVA,
DVA, and OMS (Fig. 4d). OMS tended to be increased
by training in the matcha group (P<0.1).

Discussion

In this study, we investigated the effects of matcha green tea
consumption on adaptation to resistance training in young
men. After the 8-week intervention (trial 1), a greater
change in leg strength was found in the matcha group. Fur-
thermore, a higher muscle weight in response to training
for 12 weeks was found in the matcha group (trial 2). These
results suggest that dietary matcha green tea may accelerate
muscle adaptation to resistance training. During adapta-
tion to resistance exercise training, more muscle fibers are
mobilized in the early stage. Muscle fibers become thicker
with continued training; therefore, an extended train-
ing period results in significant muscle mass gain, further
increasing muscle strength [2]. Lower fatigue and stress
responses might promote recovery, leading to rapid adap-
tation and, ultimately, increased muscle strength and mass.
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The change in salivary cortisol secretion was lower in
the matcha group than that in the placebo group. This
salivary indicator indirectly reflects the activation of the
sympathetic nervous and hypothalamic-adrenal sys-
tems associated with stress [26]. Daily administration
of matcha reduces anxiety-like behaviors in response
to psychological and physiological stresses in mice [25].
Theanine, a typical ingredient of matcha, may prevent
stress. Theanine in circulation crosses the blood—brain-
barrier and modulates neural transmission in the brain by
reducing the activation of post-synaptic glutamate recep-
tors through the inhibitory function of glutamine in neu-
rons [19]. Theanine consumption decreases stress and
fatigue responses, including salivary cortisol and subjec-
tive stress levels in humans [19]. Although the amount
of theanine contained in two cups of matcha green tea
is less than the effective amount, the combined intake of
theanine and other ingredients might be beneficial.

Oxidative stress may cause fatigue owing to exces-
sive exercise [27]. ROS produced during exercise cause
the oxidation of lipids and proteins in cells, resulting in
oxidative damage. Oxidative stress is easily elevated in
individuals without exercising habits because of their
low antioxidant capacity [28]. The sarcoplasmic reticu-
lum proteins, such as ryanodine receptor and calcium-
dependent ATPase, are easily oxidized and inactivated
by ROS [29]. This leads to continuously higher cytosolic
calcium levels, which prevents continuous muscle con-
traction and leading muscle fatigue. Additionally, ROS
activate inflammatory mediators that cause delayed-
onset muscle damage [30]. Two cups of matcha green
tea powder (3.0 g) as a thick suspension provide approxi-
mately 300 mg of catechin, twice the amount provided
by sencha green tea. A major catechin, EGCG, can
exert antioxidant and anti-fatigue effects [31]. In addi-
tion, matcha contains several other antioxidants, such
as lutein, that scavenge ROS and suppress inflamma-
tory responses. One cup of matcha green tea contains an
equivalent amount of lutein consumed daily by Japanese
individuals [32]. Although the concentration of serum
carbonylated proteins, a product of oxidatively modi-
fied proteins, did not vary between groups in the present
study, the irrelevance of oxidative stress in skeletal mus-
cle fatigue could not be ascertained. In addition, since
variations in exercise-induced ROS and target organelles
are expected, the measurement of various parameters is
required to examine the modulative effect of redox status
in skeletal muscle.

Visual function is also associated with physical fatigue
and has been shown to be lower in fatigued individuals
than in their non-fatigued counterparts [33, 34]. A recent
study showed that visual motion processing for opto-
kinetic responses was enhanced in mice administered
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green tea or a green tea catechin, EGCG [35]. In addition,
lutein, a specific compound in matcha green tea, is trans-
ported from circulation into the neural retina and accu-
mulates in the macula lutea of the human eye. Thus, it is
involved in an antioxidative capacity and protects visual
function [36]. Although matcha is potentially beneficial
to visual function, in the present study, it did not show
significantly affect the related parameters in participants
who consumed matcha under training conditions. There-
fore, further studies are required to examine its effect on
visual function. Given that antioxidants can support vis-
ual function, they may be more beneficial under condi-
tions of high oxidative stress, for example, in older people
and elite athletes, than in young, healthy subjects.

Metagenomic analysis of gut microbiota revealed
significant changes in five genera of bacteria follow-
ing matcha intake. Butyricimonas maintain immune
and metabolic functions by producing butyric acid [37].
Ruminococcus and Oscillospira enhance dietary fiber
metabolism and produce short-chain fatty acids that
act as metabolic regulators in the host [38, 39]. Die-
tary fibers and antioxidants in matcha can improve the
intestinal environment. Changes in the abundance of
Butyricimonas, Ruminococcus, and Oscillospira positively
correlated with increased maximum muscle strength.
Although the causal relationship between the changes
is unclear, an improved microbiota profile may lead to
stress-response hormone suppression, parasympathetic
dominance, and decreased insomnia and anxiety test
scores [40]. In contrast, dysbiosis causes impaired intes-
tinal permeability, accelerating invasion by endotoxins
and antigens into the blood stream and disturbing meta-
bolic and immune functions throughout the body [41].
Therefore, an improved intestinal environment may be
involved in metabolic function and fatigue in skeletal
muscles, further strengthening adaptation. The notable
change in gut microbiota found after 4 weeks of inter-
vention was not observed after 8 weeks. The composi-
tion of the human gut microbiota is generally determined
during childhood and is thought to return to its origi-
nal state even after undergoing transient changes due
to environmental factors, such as altered dietary habits
[42]. In addition, matcha intake combined with exercise
training might be a critical condition required to realize
these changes. Future studies are required to examine the
changes in gut microbiota induced by matcha consump-
tion and the functional effects of these changes.

Conclusions

Collectively, matcha green tea consumption during
resistance training modulates muscle adaptation. Com-
pounds in matcha can moderate exercise-induced stress
and fatigue responses, which may promote recovery
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after exercise and training-induced adaptation. In addi-
tion, positive correlations were found between changes
in muscle adaptation and microbiota. Further studies
should examine the detailed mechanism of action of
matcha and the significance of microbiota modulation.
Although the amounts of some compounds in matcha
are less than the effective amount, beneficial effects
may still be obtained as the compounds are taken in
combination.

Abbreviations

BMI Body mass index

RM Repetition maximum
KVA Kinetic visual acuity
DVA Dynamic visual acuity
OMS Ocular motor skill

ROS Reactive oxygen species

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512937-023-00859-4.

Additional file 1: Figure S1. Time-course of assessment.

Additional file 2: Table S1. Dietary intake of energy and nutrients in trial 1.
Additional file 3: Table S2. Energy expenditure in trial 1.

Additional file 4: Table S3. Proportion of microbiota genera in trial 1.

Additional file 5: Table S4. Physical characteristics of participants in trial 2.

Additional file 6: Table S5. Dietary intake of energy and nutrients in trial 2.

Authors’ contributions

M.S. and W.A. designed and coordinated the study. M.S, WA, CM,, KS., and R.l.
performed the experiments and analyzed the data. YF, YK, and MK. evaluated
and interpreted the data. M.S. and W.A. wrote the manuscript with input from

other authors. All authors critically reviewed and approved the final version of
the manuscript.

Funding

This work was supported by the Matcha and Health Research Group and the
Japan Society for the Promotion of Science (JSPS) KAKENHI: Grant-in-Aid for
Scientific Research (B) (grant numbers 20H04080 and 17H02176).

Availability of data and materials
The datasets used and/or analyzed in this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This intervention study was approved by the ethics committee of the Kyoto

Prefectural University (No. 2017-146) and conducted following the tenets of
the Declaration of Helsinki. Written informed consent was obtained from all

participants.

Consent for publication
Not applicable.

Competing interests

Although the Matcha and Health Research Group was not involved in
conducting experiments or data analysis, test samples were supplied from
Nestlé Japan Ltd., a constituent organization of the Matcha and Health
Research Group.

Page 10 of 11

Received: 14 October 2022 Accepted: 22 June 2023
Published online: 05 July 2023

References

1.

Lopez P, Radaelli R, Taaffe DR, Newton RU, Galvéo DA, Trajano GS, et al.
Resistance training load effects on muscle hypertrophy and strength
gain: Systematic review and network meta-analysis. Med Sci Sports Exerc.
2021;53:1206-16.

Jones DA, Rutherford OM, Parker DF. Physiological changes in skeletal
muscle as a result of strength training. Q J Exp Physiol. 1989;74:233-56.
Cogan KE, Evans M, luliano E, Melvin A, Susta D, Neff K, et al. Co-inges-
tion of protein or a protein hydrolysate with carbohydrate enhances
anabolic signaling, but not glycogen resynthesis, following recovery
from prolonged aerobic exercise in trained cyclists. Eur J Appl Physiol.
2018;118:349-59.

Duan, Li F, LiY, Tang Y, Kong X, Feng Z, et al. The role of leucine and

its metabolites in protein and energy metabolism. Amino Acids.
2016;48:41-51.

Fodor J, Al-Gaadi D, Czirjak T, Olah T, Dienes B, Csernoch L, et al. Improved
calcium homeostasis and force by selenium treatment and training in
aged mouse skeletal muscle. Sci Rep. 2020;10:1707.

Flockhart M, Nilsson LC, Tais S, Ekblom B, Apré W, Larsen FJ. Exces-

sive exercise training causes mitochondrial functional impairment

and decreases glucose tolerance in healthy volunteers. Cell Metab.
2021;33:957-70.e6.

Mancini E, Beglinger C, Drewe J, Zanchi D, Lang UE, Borgwardt S. Green
tea effects on cognition, mood and human brain function: A systematic
review. Phytomedicine. 2017;34:26-37.

Nogueira LP, Nogueira Neto JF, Klein MR, Sanjuliani AF. Short-term effects
of green tea on blood pressure, endothelial function, and metabolic
profile in obese prehypertensive women: A crossover randomized clinical
trial. J Am Coll Nutr. 2017;36:108-15.

Huang J, Wang Y, Xie Z, Zhou Y, Zhang Y, Wan X. The anti-obesity effects of
green tea in human intervention and basic molecular studies. Eur J Clin
Nutr. 2014;68:1075-87.

Murase T, Haramizu S, Shimotoyodome A, Tokimitsu |, Hase T. Green

tea extract improves running endurance in mice by stimulating lipid
utilization during exercise. Am J Physiol Regul Integr Comp Physiol.
2006;290:R1550-6.

. FukushimaY, Ohie T, Yonekawa Y, Yonemoto K, Aizawa H, MoriY, et al.

Coffee and green tea as a large source of antioxidant polyphenols in the
Japanese population. J Agric Food Chem. 2009;57:1253-9.

Kolackova T, Kolofikové K, Sytafova |, Snopek L, Sumczynski D, Orsavova
J. Matcha tea: Analysis of nutritional composition, phenolics and antioxi-
dant activity. Plant Foods Hum Nutr. 2020;75:48-53.

LiuT, Wang C, Wang YY, Wang LL, Ojo O, Feng QQ, et al. Effect of dietary
fiber on gut barrier function, gut microbiota, short-chain fatty acids,
inflammation, and clinical outcomes in critically il patients: A systematic
review and meta-analysis. JPEN J Parenter Enteral Nutr. 2022;46:997-1010.
Mdller M, Canfora EE, Blaak EE. Gastrointestinal transit time, glucose
homeostasis and metabolic health: modulation by dietary fibers. Nutri-
ents. 2018;10:275.

GuoT, Song D, Cheng L, Zhang X. Interactions of tea catechins with
intestinal microbiota and their implication for human health. Food Sci
Biotechnol. 2019;28:1617-25.

Kootte RS, Levin E, Salojarvi J, Smits LP, Hartstra AV, Udayappan SD, et al.
Improvement of insulin sensitivity after lean donor feces in metabolic
syndrome is driven by baseline intestinal microbiota composition. Cell
Metab. 2017;26:611-9.e6.

Johnsen PH, Hilptsch F, Valle PC, Goll R. The effect of fecal microbiota
transplantation on IBS related quality of life and fatigue in moderate to
severe non-constipated irritable bowel: Secondary endpoints of a double
blind, randomized, placebo-controlled trial. EBioMedicine. 2020;51:
102562.

Peng WQ, Xiao G, Li BY, Guo YY, Guo L, Tang QQ. I-Theanine activates the
browning of white adipose tissue through the AMPK/a-ketoglutarate/
Prdm16 axis and ameliorates diet-induced obesity in mice. Diabetes.
2021;70:1458-72.


https://doi.org/10.1186/s12937-023-00859-4
https://doi.org/10.1186/s12937-023-00859-4

Shigeta et al. Nutrition Journal

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

(2023) 22:32

Williams JL, Everett JM, D'Cunha NM, Sergi D, Georgousopoulou EN,
Keegan RJ, et al. The Effects of green tea amino acid I-theanine consump-
tion on the ability to manage stress and anxiety levels: a systematic
review. Plant Foods Hum Nutr. 2020;75:12-23.

Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous
exchange. J Appl Physiol. 1983;55:628-34.

Inoue R, Sakaue Y, Sawai C, Sawai T, Ozeki M, Romero-Pérez GA, et al. A
preliminary investigation on the relationship between gut microbiota
and gene expressions in peripheral mononuclear cells of infants with
autism spectrum disorders. Biosci Biotechnol Biochem. 2016;80:2450-8.
Inoue R, Otabi H, Yamashita T, Takizawa N, Kido T, Sugiyama A, et al.
Effects of partially hydrolyzed guar gum supplementation on the fecal
microbiotas of piglets. Pathogens. 2021;10:1420.

Ishigaki N, Yoshii I, Sakai T. A new measuring method of dynamic visual
acuity using the personal computer and its validity. Bull Aichi Inst Tech-
nol. 1999,34:99-104.

BabaY, Inagaki S, Nakagawa S, Kobayashi M, Kaneko T, Takihara T. Effects
of daily matcha and caffeine intake on mild acute psychological stress-
related cognitive function in middle-aged and older adults: A rand-
omized placebo-controlled study. Nutrients. 2021;13:1700.

Monobe M, Nomura S, Ema K, Horie H. Influence of continued ingestion
of matcha on emotional behaviors after social stress in mice. Biosci
Biotechnol Biochem. 2019;83:2121-7.

Hellhammer DH, Wust S, Kudielka BM. Salivary cortisol as a biomarker in
stress research. Psychoneuroendocrinology. 2009;34:163-71.

Aoi W. Oxidative stress-induced signal transduction in skeletal muscle.
In: Sakuma K, editor. Basic biology and current understanding of skeletal
muscle. New York: Nova Science Publishers; 2013. p. 123-46.

Elosua R, Molina L, Fito M, Arquer A, Sanchez-Quesada JL, Covas M|, et al.
Response of oxidative stress biomarkers to a 16-week aerobic physical
activity program, and to acute physical activity, in healthy young men
and women. Atherosclerosis. 2003;167:327-34.

Zhang JZ, Wu Y, Williams BY, Rodney G, Mandel F, Strasburg GM, et al.
Oxidation of the skeletal muscle Ca’* release channel alters calmodulin
binding. Am J Physiol Cell Physiol. 1999;276:C46-53.

Aoi W, Naito Y, Takanami Y, Kawai Y, Sakuma K, Ichikawa H, et al. Oxidative
stress and delayed-onset muscle damage after exercise. Free Radic Biol
Med. 2004;37:480-7.

Teng YS, Wu D. Anti-fatigue effect of green tea polyphenols (-)-epigallo-
catechin-3-gallate (EGCG). Pharmacogn Mag. 2017;13:326-31.
Fukushima Y, Taguchi C, Kishimoto Y, Kondo K. Japanese carotenoid
database with a- and B-carotene, B-cryptoxanthin, lutein, zeaxanthin,
lycopene, and fucoxanthin and intake in adult women. Int J Vitam Nutr
Res. 2021,7:1-12.

Al Saif AA, Senany SA. Determine the effect of neck muscle fatigue

on dynamic visual acuity in healthy young adults. J Phys Ther Sci.
2015;27:259-63.

Vuillerme N, Burdet C, Isableu B, Demetz S. The magnitude of the effect
of calf muscles fatigue on postural control during bipedal quiet standing
with vision depends on the eye-visual target distance. Gait Posture.
2006,24:169-272.

Sugita Y, Furukawa T. Effect of green tea and tea catechin on the visual
motion processing for optokinetic responses in mice. Neuroscience.
2022;501:42-51.

SatoY, Kondo Y, Sumi M, Takekuma Y, Sugawara M. Intracellular uptake
mechanism of lutein in retinal pigment epithelial cells. J Pharm Pharm
Sci. 2013;16:494-501.

Lee H, Lee Y, Kim J, An J, Lee S, Kong H, et al. Modulation of the gut micro-
biota by metformin improves metabolic profiles in aged obese mice. Gut
Microbes. 2018;9:155-65.

Koh A, De Vadder F, Kovatcheva-Datchary P, Béckhed F. From dietary fiber
to host physiology: short-chain fatty acids as key bacterial metabolites.
Cell. 2016;165:1332-45.

Konikoff T, Gophna U. Oscillospira: A central, enigmatic component of the
human gut microbiota. Trends Microbiol. 2016;24:523-4.

LiY,HaoY, Fan F, Zhang B.The Role of Microbiome in Insomnia, Circadian
Disturbance and Depression. Front. Psychiatry. 2018;9:669. https://doi.
0rg/10.3389/fpsyt.2018.00669.

Belizario JE, Faintuch J, Garay-Malpartida M. Gut Microbiome Dysbiosis
and Immunometabolism: New Frontiers for Treatment of Metabolic

Page 11 of 11

Diseases. Mediators Inflamm. 2018;2018:2037838. https://doi.org/10.
1155/2018/2037838.

42. Munyaka PM, Khafipour E, Ghia JE. External influence of early childhood
establishment of gut microbiota and subsequent health implications.
Front Pediatr. 2014,2:109. https://doi.org/10.3389/fped.2014.00109.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fpsyt.2018.00669
https://doi.org/10.3389/fpsyt.2018.00669
https://doi.org/10.1155/2018/2037838
https://doi.org/10.1155/2018/2037838
https://doi.org/10.3389/fped.2014.00109

	Matcha green tea beverage moderates fatigue and supports resistance training-induced adaptation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Participants
	Experimental design
	Resistance exercise training
	Indirect metabolic performance
	Blood parameters
	Subjective fatigue
	Analysis of fecal microbiota
	Saliva parameters
	Visual function
	Dietary assessment
	Statistical analyses

	Results
	Body composition and muscle strength during the 8-week intervention
	Blood and fatigue parameters during the 8-week intervention
	Gut microbiota during the 8-week intervention
	Body composition, stress-related parameters, and visual function during the 12-week intervention

	Discussion
	Conclusions
	Anchor 27
	References


